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[57] ABSTRACT 

A lens system Which is composed of at least one homoge 
neous lens element and at least one radial type gradient 
index lens element, to be used as a combination lens system 
or an image pickup lens system, and con?gured to favorably 
correct chromatic aberration, etc. by selecting an adequate 
value for a coef?cient representing an Abbe’s number. 

29 Claims, 15 Drawing Sheets 
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LENS SYSTEM 

BACKGROUND OF THE INVENTION 

a) Field of the Invention 
The present invention relates to a combination lens sys 

tem (a lens system Which is composed of a plurality of lens 
elements and used as a lens), and also an image pickup lens 
system Which is composed of a small number of lens 
elements and to be used With electronic image pickup 
apparatus such as TV cameras. 

b) Description of the Prior Art 
An optical system Which is to be used under a White light 

source, for example an optical system for silver salt photo 
graphic cameras, microscopes, video cameras or 
endoscopes, must ordinarily be composed of a plurality of 
lens elements for favorably correcting aberrations such as 
chromatic aberration and a PetZval’s sum. In addition to the 
requisite for correction of aberrations, it is generally 
demanded for reduction of a manufacturing cost, for 
example, to reduce a number of lens elements or simplify a 
structure of a lens barrel. As means for solving such a 
problem, it is conventionally knoWn to use radial type 
gradient index lens elements. Since a radial type gradient.in 
dex lens element has a characteristic in that it is excellent for 
correcting chromatic aberration and a PetZval’s sum in 
particular out of aberrations, it is effective to ruduce a 
number of lens elements Which are used for composing a 
lens system to be used under a White light source. An optical 
system disclosed by Japanese Patent Kokai Publication No. 
Sho 60-218614, for example, is knoWn as a conventional 
example of photographic lens system for silver salt photo 
graphic cameras Which uses a radial type gradient index lens 
element. This conventional example is composed of tWo lens 
elements including a radial type gradient index lens element 
and equivalent to a Gaussian type optical system Which 
conventionally reuqired six or seven lens elements. Further, 
a lens system disclosed by Japanese Patent Kokai Publica 
tion No. Hei 5-107471 is knoWn as a conventional example 
of objective lens system for endoscopes Which uses radial 
type gradient index lens elements. This conventional 
example is composed of tWo to six lens elements and 
equivalent to a retrofocus type lens system Which conven 
tionally required lens elements in a number of six or so. 
HoWever, each of these conventional examples adopts 
spherical surfaces for the radial type gradient index lens 
element and can hardly alloW optical axes of surfaces With 
that of medium in practical Working stages With high 
precision, thereby being not preferable from a vieWpoint of 
obtaining a lens system Which has high optical performance 
or can be manufactured at loW costs. 

In the recent years Where video cameras using solid-state 
image pickup devices such as CCD’s, TV telephones and 
door phones With cameras are prevailing, it is demanded that 
lens systems to be used in these instruments are con?gured 
compacter and manufactured at loWer costs. Though three to 
six lens elements are generally required to obtain favorable 
optical performance of such a lens system Which has a ?xed 
focal point and is to be used in these instruments, it is desired 
to further reduce the number of lens elements. 

As means for reducing a number of lens elements to be 
used for composing an optical system While maintaining 
optical performance desired for the optical system, it is 
conventionally knoWn to use radial type gradient index lens 
elements in the optical system. For example, a lens system 
disclosed by Japanese Patent Kokai Publication No. Hei 
6-175016 is knoWn as a conventional example of lens 
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2 
system Which is composed of a single radial type gradient 
index lens element. HoWever, this conventional example has 
an extremely large F number of 9.8 to 13.5 or small aperture 
for balancing aberrations or enhancing imaging perfor 
mance. Further, a lens system disclosed by Japanese Patent 
Kokai Publication No. Sho 60-218614 is knoWn as a con 
ventional lens system Which is composed of tWo lens 
elements. This conventional example has favorably cor 
rected aberrations, but requires a high manufacturing cost 
due to a fact that it uses tWo radial type gradient index lens 
elements. In addition, the radial gradient index lens elements 
used in this lens system has spherical shapes, Whereby an 
optical axis of the surfaces and an optical axis of medium 
can hardly be coincident With each other With high precision 
in a practical Working stage, and the lens system is not 
preferable from vieWpoints of high optical performance and 
loW manufacturing cost. 
Though it is conceivable to use a radial type gradient 

index lens element Without Working its surface into spherical 
shapes or in a condition Where the lens element has planar 
surfaces on both sides, such a radial type gradient index lens 
element is not preferable since it under-corrects a PetZval’s 
sum more remarkably as compared With a case Where it has 
spherical surfaces. 

Further, Japanese Patents Kokai Publication No. Sho 
58-59420 and No. Hei 4-114112, for example, disclose 
conventional examples in each of Which a radial type 
gradient index lens element having planar surfaces on both 
sides is cemented to a planar surface of a homogeneous lens 
element having a spherical surface on the other side for 
enlarging freedom for correction of aberrations. HoWever, 
these conventional examples are pickup lens systems Which 
are to be used under monochromatic light sources and these 
Japanese Patent Kokai Publications made no reference to 
correction of chromatic aberration. Japanese Patents Kokai 
Publication No. Hei 1-28514 and No. Hei 2-284107 Which 
disclose similar conventional examples neither make refer 
ence to correction of chromatic aberration. 

Furthermore, lens systems disclosed by European Patent 
Laid-Open No. 609093 and Japanese Patent Kokai Publica 
tion No. Sho 58-184113 are knoWn as conventional 
examples of lens systems each of Which is to be used under 
White light source, and is composed of a radial type gradient 
index lens element and a homogeneous lens element 
cemented to each other on planar surfaces. These are con 
ventional examples using the radial type gradient index lens 
elements in relay lens systems for non-?exible endoscopes 
and usable only as lens systems such as the relay lens 
systems for non-?exible endoscopes having narroW ?eld 
angles since the lens systems have large PetZval’s sums and 
total lengths Which are large relative to diameters of the lens 
systems. 

Moreover, a conventional example disclosed by Japanese 
Patent Kokai Publication No. Sho 50-29238 is knoWn as a 
lens system Which is con?gured taking chromatic aberration 
into consideration. HoWever, this conventional example uses 
radial gradient index lens elements Which have refractive 
indices largely varying from optical axes to marginal por 
tions and made of materials hardly manufactured in practice. 

SUMMARY OF THE INVENTION 

A primary object of the present invention is to provide a 
combination lens system Which is excellent in Workability 
and applicable to various optical systems used under White 
light sources, and has favorably corrected aberrations, chro 
matic aberration and a PetZval’s sum in particular. 
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Another object of the present invention is to provide an 
image pickup lens system Which uses a combination lens 
system composed of tWo lens components and has favorable 
imaging performance. 

The combination lens system according to the present 
invention is characteriZed in: that it is composed of at least 
one homogeneous lens element having a negative refractive 
poWer and a radial type gradient index lens element Which 
has a positive refractive poWer and a refractive index dis 
tribution from an optical axis in a radial direction; that the 
radial type gradient index lens element has planar surfaces 
on both sides; that the homogeneous lens element has, at 
least on one side, a surface Which is partially or entirely 
planar; that the planar portion of the surface of the homo 
geneous lens element is cemented or kept to or in close 
contact to or With a portion of the planar surface of the radial 
type gradient index lens element; and that combination lens 
system satis?es the folloWing condition (1): 

The image pickup lens system according to the present 
invention is characteriZed in: that it is composed of a 
homogeneous lens element having a negative refractive 
poWer and a radial type gradient index lens element having 
a positive refractive poWer; and that the image pickup lens 
system satis?es the folloWing condition (21): 

BRIEF DESCRIPTION OF THE DRAWINGS 

(21) 

FIG. 1 is a sectional vieW illustrating a composition of a 
?rst embodiment of the present invention; 

FIGS. 2A and 2B are sectional vieWs illustrating a com 
position of a second embodiment of the present invention; 

FIGS. 3 through 9 are sectional vieWs illustrating com 
position of third through ninth embodiments respectively of 
the present invention; 

FIGS. 10A and 10B are sectional vieWs illustrating a 
composition of a tenth embodiment of the present invention; 

FIGS. 11 through 14 are sectional vieWs illustrating 
compositions of eleventh through fourteenth embodiments 
of the present invention; 

FIGS. 15A and 15B are sectional vieWs illustrating a 
composition of a ?fteenth embodiment of the present inven 
tion; 

FIG. 16 is a graph visualiZing relationship among a ratio 
betWeen refractive poWers of medium, paraxial chromatic 
aberration and a PetZval’s sum; 

FIG. 17 is a graph illustrating a refractive index-Abbe’s 
number distribution in a glass material; 

FIG. 18 is a diagram exemplifying combinations of radial 
type gradient index lens elements and homogeneous lens 
lens elements; 

FIGS. 19A, 19B and 19C are diagrams exemplifying 
conventional Working of a spherical surface directly on 
radial type gradient index lens elements; 

FIGS. 20A and 20B are diagrams exemplifying manufac 
turing processes of the combination lens system according to 
the present invention; 

FIG. 21 is a diagram illustrating means for bringing a 
planar surface of a radial type gradient index lens element 
into close contact With a concave surface of a homogeneous 

lens element; 
FIG. 22 is a diagram illustrating another example of 

means for bringing a planar surface of a radial type gradient 
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4 
index lens element into close contact With a concave surface 
of a homogeneous lens element; 

FIG. 23 is a diagram exemplifying assembly of the image 
pickup lens system according to the present invention into a 
lens barrel; and 

FIG. 24 is a diagram illustrating another example of 
assembly of the image pickup lens system according to the 
present invention into a lens barrel. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The combination lens system according to the present 
invention is characteriZed in that it is composed of at least 
one homogeneous lens element having a negative refractive 
poWer, and a radial type gradient index lens element Which 
has a positive refractive poWer and a refractive index dis 
tribution from an optical axis in a radial direction expressed 
by the formula (a) shoWn beloW; that the radial type gradient 
index lens element is shaped so as to have planar surfaces on 
both sides; that at least one side surface of the homogeneous 
lens element is partially or entirely planar; that the planar 
portion of the surface of the homogeneous lens element is 
cemented or kept to or in close contact With the place surface 
portion of the radial type gradient index lens element; and 
that the combination lens system satis?es the folloWing 
condition (1): 

N(r)=NUU+N1Ur2+N2Ur4 . . . 1/V10<1/vh 1(a) 

Wherein the reference symbol r represents a distance as 
measured from an optical axis in a radial direction, the 
reference symbol N(r) designates a refractive index at a 
point located at the distance r, the reference symbol NiO 
denotes a refractive index distribution coef?cient of the 2i’th 
order, the reference symbol Vh, represents an Abbe’s num 
ber of the homogeneous lens element, the reference symbol 
V0O designates an Abbe’s number on the optical axis given 
by the formula (b) shoWn beloW and the reference symbol 
ViO denotes a dispersing poWer corresponding to the refrac 
tive index distribution coefficient of the 2i’th order of the 
radial type gradient index lens element Which is given by the 
folloWing formula (c): 

ViU=NiDd/(NiUF_NiUC) (i=1: 2, 3 - - - ) 

(b) 

(C) 

Wherein the reference symbols Nood, NOOF and NOOC repre 
sent refractive indices on the optical axis for the d-line, 
F-line and C-line respectively, and the reference symbols 
Nl-Od, Nl-OF and Nl-OC designate refractive index distribution 
coef?cient of the 2i’th order for the d-line, F-line and C-line 
respectively. 
The combination lens system according to the present 

invention is con?gured as a lens unit Which is usable as a 
portion of an optical system to be used under a White light 
source and is composed as described beloW. The combina 
tion lens system is composed by cementing or bringing a 
homogeneous lens element having a planar portion on at 
least one surface to or into close contact With a radial type 
gradient index lens element having planar surfaces on both 
sides, and setting refractive poWers, Abbe’s numbers, etc. of 
these lens elements at adequate values. When the shape 
having the planar surfaces on both the sides is selected for 
the radial type gradient index lens element, it is possible to 
prevent surfaces and media from being eccentric at a prac 
tical Working stage and When the homogeneous lens element 
is cemented or brought to or into close contact With the 
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gradient index lens element, it is possible to correct aber 
rations favorably. Further, optical axis of the homogeneous 
lens element can be coincident With that of the gradient 
index lens element relatively easily With high precision 
When the homogeneous lens element has the planar surface 
portion and is cemented or brought to or into close contact 
With the radial type gradient index lens element. Further, 
chromatic aberration and a PetZval’s sum can be favorably 
corrected by selecting adequate parameters such as refrac 
tive poWers and Abbe’s numbers for the homogeneous lens 
element and the radial type gradient index lens element. 

Chromatic aberration PAC to be produced by a radial type 
gradient index lens element can be approximated by the 
folloWing formula (d): 

PAC=K (¢S/ Voo+¢m/ V1 0) (d) 

Wherein the reference symbol K represents a constant Which 
is dependent on a height of an axial ray and an angle formed 
by a ?nal paraxial ray relative to the optical axis, and the 
reference symbols (1)5 and (pm designate a refractive poWer of 
surface and a refractive poWer of medium respectively of a 
thin radial type gradient index lens element. 

Further, the refractive poWer of medium is approximated 
by the folloWing formula (e): 

¢m=_2N1UtG (6) 

wherein the reference symbol tG represents thickness of the 
radial type gradient index lens element. 

Since the combination lens system according to the 
present invention uses the gradient index lens element in the 
shape having the planar surfaces on both the sides, (1)5 is 
nearly equal to 0 and the formula (d) has the second term 
only. Further, since the homogeneous lens element is 
cemented or kept to or in close contact With the gradient 
index lens element, the combination lens system according 
to the present invention produces longitudinal chromatic 
aberration in an amount expressed by the folloWing formula 

Wherein the reference symbols 4),, and vh represent a refrac 
tive poWer and an Abbe’s number respectively of the thin 
homogeneous lens element Which is cemented or kept to or 
in close contact With the radial type gradient index lens 
element. 
From the formula (f), it Will be understood that an amount 

of longitudinal chromatic aberration can be controlled by 
varying a value of V10. When the combination lens system 
according to the present invention is to be con?gured so as 
to produce longitudinal chromatic aberration in an amount 
smaller than that of longitudinal chromatic aberration pro 
duced by a homogeneous lens element having a refractive 
power 4) Which is the same as that of the combination lens 
system according to the present invention and an Abbe’s 
number vh, it is necessary to satisfy the folloWing formula: 

Wherein the reference symbol ¢=¢m=¢h. 
The condition (1) mentioned above is derived from 

¢m/V1O<q)m/vh Which is obtained by developing this formula. 
As understood from the foregoing description, longitudi 

nal chromatic aberration can be favorably corrected When 
the Abbe’s number vh of the homogeneous lens element and 
the Abbe’s number V1O of medium of the radial type 
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6 
gradient index lens element of the combination lens system 
satisfy the condition That is to say, the condition (1) is 
a requisite for favorable correction of longitudinal chromatic 
aberration in the combination lens system according to the 
present invention. If the condition (1) is not satis?ed, 
longitudinal chromatic aberration Will undesirably be under 
corrected in the combination lens system according to the 
present invention. 

For correcting longitudinal chromatic aberration more 
favorably, it is necessary not only to satisfy the condition (1) 
but also to share adequate refractive poWers betWeen the 
homogeneous lens element and the radial type gradient 
index lens element. In sharing refractive poWers, hoWever, it 
is necessary to take into suf?cient consideration not only 
chromatic aberration but also correction of a PetZval’s sum 
since an amount of a PetZval’s sum to be produced is 

determined, like chromatic aberration, dependently on 
refractive poWer distribution in the lens system and can 
hardly be corrected by bending once refractive poWer dis 
tribution is determined. 
A petZval’s sum PTZ to be produced by a radial type 

gradient index lens element alone is approximated by the 
folloWing formula (g): 

In case of the combination lens system according to the 
present invention Wherein the radial type gradient index lens 
element has the planar surfaces on both the sides for 
enhancing productivity, (1)5 is nearly equal to 0 and the 
formula (g) has only the second term. Further, since the 
homogeneous lens element is cemented or kept to or in close 
contact With the radial type gradient index lens element, a 
PetZval’s sum of the combination lens system according to 
the present invention is expressed by the folloWing formula 
(h) : 

PTZ=¢h/nh+¢m/NDD2 (h) 

Wherein the reference symbol nh represents a refractive 
index of the homogeneous lens element. 
As seen from the formula (h) Wherein the denominator is 

squared, a value of a PetZval’s sum to be produced by the 
combination lens system can be reduced by using, in place 
of a homogeneous lens element, a radial type gradient index 
lens element having a refractive poWer Which is the same as 
that of a homogeneous lens element having a refractive 
poWer nh. 
NoW let us consider, on the basis of the formulae and 

(h), a refractive poWer distribution adequate for simulta 
neous correction of longitudinal chromatic aberration and a 
PetZval’s sum in the combination lens system. 
When a parameter of ratio betWeen refractive poWers of 

medium given by the folloWing formula is used in the 
formulae and (h), these formulae are transformed into the 
folloWing formulae (f) and (h‘) respectively: 

For easy understanding of relationship of the ratio a 
betWeen refractive poWers of medium versus a PetZval’s 
sum, the formulae (f) and (h‘) are visualiZed in forms of 
graphs in FIG. 16 Wherein the abscissa represents the ratio 
a betWeen refractive poWers of medium and the ordinate 
designates longitudinal chromatic aberration PAC or a PetZ 
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val’s sum PTZ of the combination lens system. Further, the 
reference symbols aPAC and a PTZ shown in FIG. 16 represent 
values of the ratio a betWeen refractive poWers of medium 
at PAC of 0 and at PTZ of 0 respectively Which are given by 
the following formulae and (k) respectively: 

From FIG. 16, it Will be understood that a ?rst requisite 
for simultaneous correction of longitudinal chromatic aber 
ration and a PetZval’s sum is proximity betWeen values of 
aPAC and aPTZ. When values of aPAC and aPTZ have signs 
different from each other, for example, it is impossible to 
correct longitudinal chromatic aberration and a PetZval’s 
sum at the same time. When the ratio a betWeen refractive 
poWers of medium has a value close to values of aPAC and 
aPTZ Which are close to each other, it is possible to obtain a 
combination lens system in Which longitudinal chromatic 
aberration and a PetZval’s sum are corrected exteremely 
favorably. 

HoWever, the refractive index N0O on the optical axis has 
a value on the order of 1.5 to 1.9 since the refractive index 
on the optical axis is not largely different from those of 
currently available homogeneous glass materials under the 
present circumstance of manufacturing technology for mate 
rials having refractive index distributions. Further, since the 
homogeneous lens element has a refractive index nh on the 
order of 1.5 to 1.9, the formula (k) satis?es the folloWing 
formula (k‘): 

aPTZ=N 002/ (N 002-791) 

aPTZ=N 002/ (N 002-791) >1 (k!) 

Since the combination lens system according to the 

present invention satis?es the condition (1), the formula satis?es the folloWing formula (1‘): 

aPAC=V1U/(V1D_vh) >0 From this fact, it Will be understood that values of aPAC 

and aPTZ are larger than 0, and the ratio a betWeen refractive 
poWers of medium must have a value larger than 0 When 
longitudinal chromatic aberration and a PetZval’s sum are 
corrected favorably. Form (k‘), it is further desirable that the 
ratio a betWeen refractive poWers of medium has a value 
larger than 1. In other Words, it is desirable that the radial 
type gradient index lens element and the homogeneous lens 
element have refractive poWers distributed so as to satisfy 
the relationship expressed by the folloWing formula (i‘): 

¢m/(¢m+¢h)>1 Q’) 

When the radial type gradient index lens element and the 
homogeneous lens element have refractive poWers satisfy 
ing the formula (i‘), it is possible to favorably correct 
longitudinal chromatic aberration and a PetZval’s sum. 

Since it is desirable that the combination lens system 
according to the present invention has a positive refractive 
power, 4)", must be larger than 0 and 4),, must be smaller than 
0 for satisfying the formula (i‘). In other Words, the radial 
gradient index lens element must have a positive refractive 
poWer of medium and the homogeneous lens element must 
have a negative refractive poWer. If the homogeneous lens 
element has a positive refractive poWer, it Will be difficult to 
favorably correct a PetZval’s sum and longitudinal chro 
matic aberration. 

Further, it is desirable that the homogeneous lens element 
has a negative refractive poWer Which is strong to a certain 
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8 
degree for correcting longitudinal chromatic aberration and 
a PetZval’s sum favorably in the combination lens system 
according to the present invention. Though a requisite for 
favorable correction of longitudinal chromatic aberration 
and a PetZval’s sum is that the radial type gradient index lens 
element has a positive refractive poWer of medium and the 
homogeneous lens element has a negative refractive poWer, 
it Will be difficult to favorably correct a PetZval’s sum in 
particular if the homogeneous lens element has an extremely 
Weak refractive poWer. It is therefore desirable to satisfy the 
folloWing condition (2): 

Wherein the reference symbol fC represents a focal length of 
the combination lens system and the reference symbol fh 
designates a focal length of the homogeneous lens element. 
When the combination lens system satis?es the condition 

(2), a PetZval’s sum can be corrected favorably. If the upper 
limit of —0.05 of the condition (2) is exceeded, a PetZval’s 
sum Will be undercorrected thereby undesirably tilting an 
image surface toWard the object side. If the loWer limit of —2 
of the condition (2) is exceeded, in contrast, a PetZval’s sum 
Will be overcorrected, thereby undesirably tilting the image 
surface aWays from the object side. 
When the combination lens system according to the 

present invention is to be disposed in an optical system to be 
used under a White light source, it is desirable that the 
combination lens system has a refractive power 4) Which is 
strong to a certain degree since effects of the favorable 
correction of longitudinal chromatic aberration and a PetZ 
val’s sum cannot be effectively utiliZed When the combina 
tion lens system has a Weak refractive poWer. The inventor 
conceived to strengthen the refractive poWer ¢(=<|)m+<|)h) 
While correcting longitudinal chromatic aberration and a 
PetZval’s sum. The refractive power 4) can be strengthened 
by strengthening the positive refractive poWer of the radial 
type gradient index lens element or Weakening the negative 
refractive poWer of the homogeneous lens element. For 
correction of a PetZval’s sum in particular, it is undesirable 
to Weaken the negative refractive poWer of the homogeneous 
lens element as described above. Accordingly, the inventor 
conceived to strengthen the positive refractive poWer of the 
radial type gradient index lens element. As judged from the 
formula (e), it is necessary for strengthening the refractive 
poWer of medium to enlarge N10 or tG. HoWever, it is 
dif?cult to manufacture a gradient index material Which has 
an extremely large N10. For con?guring the radial type 
gradient index lens element so as to have adequate thickness 
so that the combination lens system Will have a suf?ciently 
strong refractive poWer Without extremely enlarging N10, it 
is desirable to satisfy the folloWing condition (3): 

O.1<tG/fT<7 (3) 

Wherein the reference symbol fT represents a focal length of 
an optical system in Which the combination lens system is to 
be disposed, or a focal length at a Wide position in particular 
When the combination lens system is to be disposed in a 
Zoom lens system. 
So far as condition (3) is satis?ed, it is possible to 

effectively utiliZe the effect for correcting longitudinal chro 
matic aberration and a PetZval’s sum When the combination 
lens system according to the present invention is disposed in 
an optical system. If the loWer limit of 0.1 of the condition 
(3) is exceeded, the combination lens system Will have a 
Weak refractive poWer, thereby making it dif?cult to effec 
tively utiliZe the effect for correcting longitudinal chromatic 










































